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Dipolar Bose-Einstein condensates may present a rotonlike dispersion minimum, which has yet
to be observed in experiments. We discuss a simple method to reveal roton excitations, based on
the response of quasi-two-dimensional dipolar condensates against a weak lattice potential. By
employing numerical simulations for realistic scenarios, we analyze the response of the system as
a function of both the lattice spacing and the s-wave scattering length, showing that the roton
minimum may be readily revealed in current experiments by the resonant population of Bragg
peaks in time-of-flight measurements.
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Introduction. Dipole-dipole interactions in ultracold
gases result in a rich physics extensively investigated
in recent years [1–3]. Quantum degeneracy has been
achieved already in gases of highly magnetic atoms such
as chromium [4, 5], dysprosium [6, 7], and erbium [8]. In
addition, ultracold samples of heteronuclear molecules in
their rovibrational ground state allow for the creation of
a molecular degenerate polar gas [9–11].
The interesting features of ultracold polar gases origi-
nate from the anisotropic and long-range character of the
dipole-dipole interaction [1–3] that results in a geometry-
dependent stability [12] and in a peculiar dispersion of
the elementary excitations. Gases with short-range in-
teractions present a linear (phonon) dispersion at low
momenta, monotonically increasing to a quadratic (free
particle) dispersion at large momenta [13]. In contrast,
under proper conditions, dipolar Bose-Einstein conden-
sates present a dispersion minimum at intermediate mo-
menta [14, 15], a feature reminiscent of the roton min-
imum of superfluid helium [16, 17]. Moreover, when
the rotonlike minimum reaches zero energy, the con-
densate becomes dynamically unstable (roton instabil-
ity) [14, 15, 18, 19] against finite momentum excitations,
and it collapses in a fundamentally different way com-
pared to the usual phonon collapse [20].
Although rotons constitute a key feature of dipolar
gases, the direct observation and characterization of ro-
tonlike excitations in these gases is still elusive, being
nowadays a major goal pursued by several experimental
groups [21, 22]. The detection of rotons is complicated
by several issues. On one hand, the rotonized spectrum
results from the peculiar momentum dependence of the
dipole-dipole interactions in quasi-two-dimensional (or
quasi-one-dimensional) traps, with a strong transverse
harmonic confinement. The characteristic roton wave-
length is approximately lz, where lz is the transverse os-
cillator length. As a result, the observation of the ro-
ton requires pancake-like traps with large aspect ratios.
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On the other hand, harmonically confined pancake con-
densates with large aspect ratios are characterized by an
inherent local nature of the roton excitation spectrum,
which leads to an effective roton confinement at the cen-
ter of the trap [19, 23] and therefore to a reduced roton
signal.
Various methods have been proposed so far to detect
the rotonized spectrum. For example the structure factor
of a trapped dipolar gas was studied recently in Ref. [24].
However, the local nature of the roton excitations may
hinder the clear characterization of the position of the
dispersion minimum. In another recent interesting pa-
per [23], it has been shown that atom-number fluctua-
tions may be employed to reveal not only the presence of
the roton minimum but also its local confinement. How-
ever, this technique requires in situ imaging [25], which
still represents a serious technical challenge in current ex-
periments. As a third way, rotons may be detected by
stability spectroscopy [26, 27] based on the analysis of
the condensate stability in the presence of a weak lat-
tice. This technique, which has been analyzed in the
absence of an overall harmonic confinement, may still
be handicapped by the local nature of the roton spec-
trum in trapped condensates since the very presence of
the confinement leads to a local, rather than global, sta-
bility of the condensate. As a consequence the onset of
destabilization will also be local, thus impeding the pre-
cise determination of the roton wavelength and the roton
instability regime.
In this Brief Report we propose a simple technique to
reveal the roton, which similar to Refs. [26, 27] is based
on the response of the condensate against a weak lat-
tice potential. However, we do not focus on the stability
of the condensate but rather on the effects of the ro-
tonlike minimum on time-of-flight pictures of the stable
condensate. The presence of a deep roton minimum at
the center of the trap results in an enhanced local re-
sponse against a weak lattice potential. The magnitude
of the Bragg peaks in time-of-flight images presents a
resonant dependence as a function of the lattice spacing,
peaking in the vicinity of the roton wavelength. As such,
a clear signature of the roton minimum can be revealed
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2FIG. 1: (Color online) Dispersion (k) for a dipolar Bose-
Einstein condensate of N = 105 erbium atoms with trapping
parameters ω = 2pi×50 Hz, ωz = 2pi×700 Hz without lattice
potential (V0 = 0; see text). We identify the deep roton region
at a = 31.9 a0 (red solid line) close to the stability threshold
acrit = 31.6 a0, the shallow roton region at a = 35.0 a0 (green
dashed line), and the monotonic region at a = 70.0 a0 (blue
dash-dotted line).
without in situ imaging but simply with time-of-flight
images. We analyze this resonant dependence and the
variation of the Bragg peak by means of numerical simu-
lations, as a function of both the s-wave scattering length
and the lattice spacing. We carefully consider the effects
of confinement by simulating realistic conditions in on-
going experiments, showing that the Bragg peak may be
readily resolved, hence opening a promising route for the
observation of the roton minimum.
Model. We consider a dipolar condensate of N bosons
of mass m and (electric or magnetic) dipole moment d
oriented along z. The condensate is confined by a three-
dimensional (3D) harmonic trap of frequencies ω in the
xy plane and ωz = λω along z, with λ  1. Within
a mean field approach, the condensate wave function
ψ(r, t) obeys the nonlocal Gross-Pitaevskii equation,
i~
∂
∂t
ψ(r, t) =
[
−~
2∇2
2m
+
mω2
2
(
ρ2 + λ2z2
)
+ Vlat(r)+
+g|ψ(r, t)|2 +
∫
d3r′Vdd(r− r′)|ψ(r′, t)|2
]
ψ(r, t), (1)
where g = 4pi~2aN/m characterizes the short-range in-
teraction, a is the s-wave scattering length, Vdd(r) =
N d2 (1− 3 cos2 θ)/r3 is the dipole-dipole interaction po-
tential, θ is the angle between r and the z axis, ρ is the
radial coordinate in the xy plane and
∫
d3r|ψ(r, t)|2 = 1.
We consider a weak perturbing one-dimensional (1D)
lattice formed by two intersecting lasers of wavelength
λ0, propagating on the yz plane with wave vectors
k1,2 =
2pi
λ0
(± cosαey + sinαez), where α is the inter-
section angle. The resulting lattice potential acquires
the form Vlat(r) = V0 sin
2 (kLy/2), with a lattice spacing
2pi/kL = λ0/2 cosα. Note that by changing the angle α
we can explore all lattice spacings larger than λ0/2, an
important feature for the experimental implementation
of our method.
As mentioned above, a pancake dipolar condensate
may become unstable against roton instability at inter-
mediate momenta k ∼ 1/lz [14], with lz being the trans-
verse oscillator wavelength. This occurs for an s-wave
scattering a < acrit, where the value of the critical scat-
tering length acrit depends on the dipole strength and on
the confinement. In the presence of the weak additional
lattice, acrit also depends on the lattice properties. For
a given V0 we determine acrit first. Then, for each par-
ticular lattice spacing 2pi/kL and each scattering length
a > acrit, we calculate the ground state ψ0(r) of the sys-
tem, using the imaginary time evolution of Eq. (1).
We are particularly interested in the properties of the
density modulations induced by the weak lattice. In gen-
eral, a lattice with amplitude V0 smaller than the chem-
ical potential leads to weak or vanishing density mod-
ulations. However, this is not the case in the presence
of a deep roton minimum in the spectrum. To analyze
the response of the system against the perturbing lattice,
we obtain the integrated two-dimensional (2D) density
n2D(x, y) =
∫
dz |ψ0(r)|2 and calculate the visibility c of
the associated density pattern, defined as
c =
n2DMAX − n2Dmin
n2DMAX + n
2D
min
, (2)
where n2DMAX is the central maximum of the density mod-
ulation while n2Dmin is the adjacent minimum. For the
considered 1D lattice we have n2DMAX ≡ n2D(0, 0) and
n2Dmin ≡ n2D(0, pi/kL).
Numerical results. Our calculations are performed
considering a condensate of erbium, but similar results
hold for other magnetic atoms, although the particu-
lar parameters will, of course, be different. Based on
ongoing experiments, we consider the particular case of
N = 105 168Er atoms in a cylindrical trap with frequen-
cies ωz = 2pi× 700 Hz and ω = 2pi× 50 Hz (λ = 14). We
consider a lattice strength V0 = 0.34 ~ωz. The chemical
potential µ weakly depends on kL, but we checked that
V0 . 0.1µ for all the lattice momenta we consider. For
these parameters we determine acrit = 38.0 a0, where a0
is the Bohr radius. In Fig. 1 we plot the Bogoliubov spec-
trum of the condensate, obtained as the solution of the
Bogoliubov-de Gennes equations for the case V0 = 0, as
detailed in Refs. [14, 19]. In this particular case we find
acrit = 31.6 a0 since the perturbing lattice Vlat obviously
has a destabilizing effect on the condensate. By properly
tuning the scattering length using Feshbach resonances
it is possible to explore the different roton regimes illus-
trated in Fig. 1: deep roton, a ∼ acrit; shallow roton
a > acrit; and roton free, a acrit.
We consider the scattering length interval 38.5 ≤
a/a0 ≤ 70.0 and the momentum interval 0.3 ≤ kLlz ≤
2.5. By changing the intersection angle α, we can ex-
plore all values kLlz < 4pilz/λ0. Note that for the pa-
3FIG. 2: (Color online) Visibility of the imprinted density
pattern for N = 105 erbium atoms as a function of kL. Pa-
rameters are ω = 2pi× 50 Hz, ωz = 2pi× 700 Hz (λ = 14) and
lattice depth V0 = 0.34 ~ωz (V0 . 0.1µ; see text). The inset
shows the visibility as a function of the scattering length a
for kLlz = 1.
rameters discussed above lz ' 300 nm, and hence for
λ0 ' 500nm, one would be able to scan all kLlz < 7.5.
Note, however, that for kLlz < 0.3 the lattice wavelength
is comparable to the radial size of the condensate, and
the concept of visibility loses its meaning. The visibility
c as a function of the lattice momentum kL is plotted in
Fig. 2 for several values of the scattering length a. For
a ∼ 70 a0, far away from the deep roton regime, the vis-
ibility is approximately constant around c ∼ 0.2, being
basically independent of kL. In contrast, for a ∼ 38.5 a0,
close to roton instability, the contrast of the density pat-
tern presents a marked resonance-like dependence on kL,
increasing very significantly from c . 0.2 to c ∼ 0.75,
around kLlz ∼ 1.1. As shown in Fig. 1 this value co-
incides with the expected roton wavelength. Hence, by
measuring the contrast of the density pattern, we have
access to a conclusive signature of the roton, as well as
to a precise determination of the roton wavelength. This
technique would, however, still require in situ measure-
ments [25]. In Fig. 3 we plot the integrated density distri-
bution n(y) =
∫
dz dx |ψ0(r)|2 along the lattice direction
in real space to illustrate how the contrast changes as a
function of the lattice momentum and of the scattering
length.
To avoid the challenging requirement of in situ imaging
we now analyze the effects of the presence of a rotonlike
minimum in time-of-flight pictures. The density modula-
tion discussed above results in a momentum distribution
characterized by a central peak at ky ∼ 0, corresponding
to the low-momentum components, and two side Bragg
peaks at ky ∼ ±kL associated with the lattice recoil mo-
mentum. This momentum distribution may be imaged
in real space after a time-of-flight expansion. A caveat
is, however, necessary at this point. As has been shown
recently, the time-of-flight expansion of dipolar gases in
FIG. 3: (Color online) Integrated spatial distribution n(y)
(see text) deep in the roton regime at a = 39.5 a0 (green solid
line) and far from the roton regime at a = 70.0 a0 (blue dashed
line), for kLlz = 0.4 (bottom panel), 1.0 (middle panel), 2.0
(top panel).
deep optical lattices may trigger the collapse of the con-
densate even if the condensate was stable in the trap [28].
However, we always consider here a weak lattice strength
compared to the 3D chemical potential µ, so that all the
interference peaks are stable against collapse and sepa-
rate during the time-of-flight expansion.
In order to address the results of a time-of-flight mea-
surement, we calculate the integrated momentum dis-
tribution of the condensate along the lattice direction,
n˜(ky) =
∫
dkz
2pi
dkx
2pi |ψ˜(k)|2, for different values of the lat-
tice momentum kL; see Fig. 4. In the parameter region
where the dispersion of the condensate shows a roton
minimum we observe an increase of the Bragg peak at kL
whenever the lattice momentum matches that of the con-
densate roton mode (Fig. 4, top panel, a = 39.5 a0). In
contrast, if the roton minimum is very shallow or absent
(Fig. 4, bottom panel, a = 70.0 a0), the magnitude of the
Bragg peak is almost insensitive to the lattice momen-
tum. The envelope of all the Bragg peaks for different
kL (Fig. 4) nicely illustrates the enhanced sensitivity.
In Fig. 5 we plot the absolute number of atoms in a
single Bragg peak, assuming N = 105 atoms in the con-
densate. The number of atoms in a single Bragg peak
reaches its maximum around 2400. Note that in spite
of the large maximal contrast, c ' 0.75, the correspond-
ing population of each Bragg peak is at most 2.4% of
the total number of atoms. This may be understood by
noting that Bragg peaks are in general weakly sensitive
4FIG. 4: (Color online) Integrated momentum distribution
n˜(ky) (see text) deep in the roton regime at a = 39.5 a0 (top
panel) and far from the roton regime at a = 70.0 a0 (bottom
panel) for 0.4 ≤ kLlz ≤ 2.0, with other parameters being the
same as those in Fig. 2. The envelope of the Bragg peaks
reveals the enhanced sensitivity at kLlz ∼ 1.1.
to amplitude modulations. A homogeneous system with
a modulation ψ(x) = ψ0[1 + A cos(kx)] presents a visi-
bility c = 2A/(1 + A2), whereas the relative weight of
a single Bragg peak is η = A2/(2 + A2). A contrast
of c = 0.75 hence corresponds to η = 0.092. Second,
the number of particles in the Bragg peak is further re-
duced by the local nature of the roton spectrum since
the density modulations are only markedly contrasted
at the center of the condensate. This explains the ad-
ditional reduction of the maximal number of atoms at
each Bragg peak, resulting in a final 2.4% of the overall
number, well below the population of the central peak.
Note, however, that the Bragg peaks clearly separate
from the dominant zero-momentum component during
the time-of-flight expansion, and hence they may still be
imaged without the perturbing effect of the dominant
low-momentum peak. Note as well that although the
relative percent is low, the absolute number of atoms
in the Bragg peaks is certainly sizable. Numbers over
1000 atoms are resolvable in current experiments. In this
sense, we point out that the Bragg peak is narrowly con-
centrated around (kx = 0, ky = kL), and hence results
in a narrow density peak in the time-of-flight expansion,
which will consequently result in an enhanced signal at
the detectors. Therefore by measuring the number of
atoms in the Bragg peaks for different values of the scat-
tering length it should be possible to conclusively reveal
roton excitations.
FIG. 5: (Color online) Number of atoms in a single Bragg
peak for the parameters and color code in Fig. 2. The in-
set shows the number of atoms in a single Bragg peak as a
function of the scattering length a for kLlz = 1.
Conclusion. We have proposed a simple way to re-
veal roton excitations in quasi-2D trapped dipolar con-
densates based on the response of the condensate in the
presence of a weak lattice. We have shown that even a
weak lattice may induce a large density modulation at
the center of the condensate. This modulation may be
revealed by a sizable Bragg peak in time-of-flight pic-
tures, therefore avoiding in situ imaging. We have ana-
lyzed the properties of both the contrast of the density
modulation and the magnitude of the associated Bragg
peak, showing that they present a resonant character as a
function of the lattice spacing, peaking around the roton
wavelength. The resonant behavior becomes more and
more marked as the condensate approaches the roton in-
stability. Finally, we have analyzed a realistic scenario
based on current erbium experiments, showing that this
technique allows for a conclusive observation of the roton
excitations under current experimental conditions.
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